[1] General global cooling over the Neogene has been modulated by changes in Earth's orbital parameters. Investigations of deep-sea sediment sequences show that various orbital cycles can dominate climate records for different latitudes or for different time intervals. However, a comprehensive understanding of astronomical imprints over the entire Neogene has been elusive because of the general absence of long, continuous records extending beyond the Pliocene. We present benthic foraminiferal d
Introduction
[2] Deep-sea sediment sequences record past changes in global climate as evidenced by variations in their composition, especially including stable isotopes of foraminifera. For sequences deposited over the last 6 Ma or so, much of the variation can be linked to changes in orbital configuration and solar insolation [Shackleton et al., 1995a [Shackleton et al., , 1995b , following ideas originally outlined by Milankovitch [1930] . In particular, variations in benthic foraminiferal d
18
O and d
13
C represent global changes in ice volume and carbon storage. However, expression of Milankovitch cycling differs depending on location. Sediment sequences in high-latitude regions usually display a strong obliquity (41 ka) cycle [e. g., Imbrie et al., 1992; Raymo and Nisancioglu, 2003] , whereas those in low-latitude regions often display significant precession (19 and 23 ka) and half precession (10 ka) cycles [e.g., McIntyre and Molfino, 1996; Rutherford and D'Hondt, 2000] . To explain variations in the composition of sediment deposited prior to 6 Ma, numerous works have suggested operation of Milankovitch cycling [e. g., Shackleton et al., 1999; Zachos et al., 2001a Zachos et al., , 2001b Billups et al., 2004; Pälike et al., 2006a Pälike et al., , 2006b Westerhold et al., 2007] . However, the general absence of long, continuous records extending beyond the Pliocene at single locations precludes a full understanding of orbital modulation on Neogene climate, and outstanding problems remain.
[3] First, ''Milankovitch theory'' successfully explains aspects of global climate change that periodically occur with frequencies of 41 and 23 ka because these are direct (or linear) responses to insolation forcing related to obliquity and precession, respectively [Imbrie et al., 1992] . However, spectral analyses of most Pleistocene climate records show that the 41 ka climate cycle is as strong as the 23 ka climate cycle. Theoretically, precession dominates seasonal insolation at all latitudes [Berger and Loutre, 1991] . However, annual insolation and the seasonal insolation gradients across latitudes can affect climate, and these depend on obliquity [Loutre et al., 2004] . Which of these orbital cycles dominated climate and sedimentary records over the Neogene?
[4] Second, expression of the 100 ka climate cycle remains problematic [Berger et al., 2005] . Direct contribution to insolation by changes in eccentricity (<0.1%) is too small to affect climate [Imbrie et al., 1993] . However, Pliocene and Pleistocene records, including from lowlatitude regions, often display marked 100 ka cycles [Hays et al., 1976; Clemens et al., 1991; Clemens and Tiedemann, 1997] . What is the relationship of climate response to orbital forcing at the 100 ka band before the late Pliocene?
[5] Third, a 405 ka cycle is prominent in sediment and foraminiferal stable isotope records from the Oligocene and early Miocene [Zachos et al., 2001a [Zachos et al., , 2001b Pälike et al., 2006b ] but is not obvious in such records from the Pleistocene [Imbrie et al., 1993; Clemens and Tiedemann, 1997; Wang et al., 2004; Berger et al., 2005] . It is possible, therefore, that dampening of the 405 ka cycle may have coincided with growth of Antarctic and Northern Hemisphere ice sheets during the Neogene. How do climate and benthic foraminiferal isotope records vary at 405 ka, and does the effect change during the Neogene?
[6] Finally, cycles longer than 405 ka exist in insolation records [Berger and Loutre, 1991] , but they have not been discussed much in geological records. One reason is that the amplitude of insolation variability for longer periods is small. The other reason is the lack of long and continuous sediment sequences. Do foraminiferal isotopic and climate records also display the longer periods on the frequency domain even though they would be nonlinear responses to insolation forcing? [7] Ocean Drilling Program (ODP) Site 1148 in the northern South China Sea (SCS) has a fairly continuous Neogene sedimentary record [Wang et al., 2000] . In this study, we construct an astronomically tuned timescale for ODP Site 1148 (TJ08) based on physical properties. We then present detailed benthic foraminifera stable isotope records that partly address the above questions.
Materials and Methods

Site 1148
[8] ODP Site 1148 is located at 18°50.169 0 N, 116°33.939 0 E and at a water depth of $3294 m (Figure 1 ).
Two holes, A and B, were drilled and cored. Together, they recovered an 861 m long composite section, which is mostly composed of hemipelagic muds and silts and spans most of the last $32 Ma [Wang et al., 2000] . Near-surface sediments at Site 1148 have been lost to slumping or channeling. However, they were recovered in a continuous sequence of hemipelagic sediments in the upper 75 m of ODP Site 1147, which is located 1.16 km away at 18°50.11 0 N, 116°33.28 0 E and at a water depth of $3245 m (Figure 1 ).
Physical Properties
[9] Whole-round sediment cores were logged on the Joides Resolution using a multisensor track (MST) equipped with instrumentation to measure gamma ray attenuation (GRA), magnetic susceptibility (MS), and natural gamma radiation (NGR). Measurements were made every 5 cm by the Leg 184 Shipboard Party [Wang et al., 2000] . Color spectral reflectance (CSR, or lightness, L*) was also measured on the archive halves of all split cores using a Minolta CM-2002 spectrophotometer. Measurements were taken every 4 cm [Wang et al., 2000] .
[10] Physical properties of sediment at Site 1148 relate to sediment composition. Low carbonate contents induce highs in NGR and MS and lows in L*; high carbonate contents render lows in NGR and MS and highs in L*. Moreover, physical properties records, particularly those of NGR and CSR, show high-amplitude fluctuations, seemingly with long-and short-term cycles (Figure 2) .
[11] A composite depth scale has been constructed for Site 1148, and this spans from 0 to 852 meters composite depth (mcd) [Wang et al., 2000] . A continuous meter composite depth and splice, extending from 0 to 155.34 mcd, can be assembled by combining the interval from 0 to 49.22 mcd from Site 1147 to the interval from 46.57 to 155.34 mcd at Site 1148. The splicing is accomplished by tying sample 184-1147C-6H-4, 112 cm, at 49.22 mcd to sample 184-1148B-5H-5, 32 cm, at 46.57 mcd. The meter composite depth scale and splice at Site 1148 are based on the stratigraphic correlation of whole core MST and split core CSR data (lightness, L*) collected at 4-to 5-cm intervals.
Benthic Foraminiferal Isotopes
[12] A total of 1755 benthic foraminifera samples from the upper 477 mcd at Site 1148 were analyzed for stable oxygen and carbon isotopes at the State Key Laboratory of Marine Geology, Tongji University (Figure 2) . Bulk sediment samples were soaked in water for 1-2 days after drying at 60°in an oven, washed through a 63-mm sieve, redried at 60°in an oven, and then sieved to select foraminifers coarser than 150 mm. The average space between samples was 27 cm. Species examined were generally Cibicidoides wuellerstorfi and Uvigerina sp., although others were used when these were absent (Table 1) . Measurements of samples were performed in a Finnigan MAT252 mass spectrometer equipped with a Finnigan automatic carbonate device (Kiel III). Detailed information about the procedure can be found elsewhere [Tian et al., 2002 . Analytical precision was checked regularly using the Chinese national carbonate [13] Various benthic foraminiferal species fractionate oxygen and carbon isotopes differently as the test samples grow. Following previous work [Shackleton and Hall, 1983; Shackleton et al., 1990 Shackleton et al., , 1995a Jian et al., 2003] , measured values were adjusted to account for this (Table 1) .
Statistical Analyses
[14] We use ''AnalySeries 1.2'' [Paillard et al., 1996 ] to perform Blackman-Tukey power spectral and cross-spectral analyses as well as Gaussian band-pass-filtering analyses on our sediment records in both depth and time domains. Thomson multitaper (TMT) spectrum analysis program [Thomson, 1982] and a bias-corrected spectral program ''REDFIT'' [Schulz and Mudelsee, 2002] are also used for univariate spectral analyses. A wavelet analysis program from Torrence and Compo [1998] is used to evaluate the evolutionary spectrum of the NGR record in the depth domain. An evolutive spectral analysis program ''Timefrq4'' from Mudelsee and Schulz [1997] is used to evaluate the evolutionary spectrum of the benthic d 18 O and d 13 C in the time domain.
Stratigraphy for Site 1148
Initial Age Model
[15] Shipboard and postcruise studies identified 34 planktonic foraminiferal datums [Li et al., 2006] and 53 nannofossil datums at Site 1148. In addition, five paleomagnetic polarity reversal events were identified [Wang et al., 2000] . As noted by Li et al. [2006] , the Neogene sediment section is intact at the 10 4 year timescale. According to ATNTS2004 [Lourens et al., 2004] , a new geological timescale for the Neogene, and Cande and Kent [1995] , we constructed an initial age model for the upper 455 mcd at Site 1148 using a polynomial relationship of depth with age (Tables 2 and 3 and Figure 3) .
[16] Our initial age model is too coarse to discuss an astronomical imprint on sedimentary records at Site 1148. Moreover, it is imprecise because of significant provincialism of organisms used for biostratigraphic datums. For example, the first occurrence of Discoaster neohamatus has been dated to 10.52 Ma in the equatorial Atlantic [Shackleton and Crowhurst, 1997] but to 9.87 Ma in the Mediterranean [Hilgen et al., 2000] .
Derived Accumulation Rates
[17] Ideally, to construct an astronomically tuned timescale based on physical properties, a sediment section should have accumulated at a relatively constant rate. Our initial depth-age relationship at Site 1148 produces a fairly steady accumulation rate before $6 Ma, ranging from 1.3 to 2.0 cm ka À1 (Figure 3b ). Given the sampling intervals for NGR and CSR, the average time resolution of physical properties records used for tuning is about 2.5-3.8 ka. This is appropriate for establishing a timescale using orbital frequencies [Shackleton et al., 1999] .
Benthic Foraminifera Oxygen Isotope Stratigraphy
[18] A deep-sea (benthic foraminifera) d 18 O stratigraphy for the past 6 Ma has been established; it includes (and defines) 220 marine oxygen isotope stages (MISs or glacialinterglacial cycles) [Shackleton et al., 1990 [Shackleton et al., , 1995a [Shackleton et al., , 1995b . We recognize 218 MISs in the benthic d
18 O record at Site 1148 (Figure 4a ) between 0 and 198.57 mcd by visual comparison to the Shackleton et al. record and to that at ODP Site 1143 in the southern SCS [Tian et al., 2002 [Tian et al., , 2005 . The marine oxygen isotope stage TG 20 (MISs TG 20 ) is found at 193.31 mcd, corresponding to an age of 5.711 Ma [Shackleton et al., 1995a [Shackleton et al., , 1995b . The nannofossil datum last occurrence (LO) Nicklithus amplificus is found just below MIS TG 20 , at the depth of 198.57 mcd, corresponding to an age of 5.98 Ma according to ATNTS2004 [Lourens et al., 2004] .
[ (Figure 4b ). This event, hereinafter referred to as the East Antarctic Ice Sheet expansion (EAI), is significant in records at other locations, such as ODP Site 1146 in the north SCS [Holbourn et al., 2005] , ODP Site 1237 in the southeast Pacific [Holbourn et al., 2005] , ODP Site 1085 in the southeast Atlantic [Westerhold et al., 2005] , ODP Site 1171 at south Tasman Rise [Shevenell et al., 2004] , and Deep Sea Drilling Project (DSDP) Site 588 in the west Pacific [Kennett, 1985] . Our designation for this event arises because it likely represents rapid expansion of the East Antarctic Ice Sheet in concert with global cooling [Zachos et al., 2001a; Shevenell et al., 2004; Holbourn et al., 2005] [Zachos et al., 2001a; Pälike et al., 2006a Pälike et al., , 2006b ], and 1090 [Billups et al., 2004] [Lourens et al., 2004; Pälike et al., 2006a Pälike et al., , 2006b ].
[21] The middle to late Miocene portion of our benthic d
18 O record shows a general 0.45% increase superimposed by five positive excursions ( Figure 4b ). This signal is well documented in d 18 O records at other locations, including ODP sites 1146 [Holbourn et al., 2005] , 1085 [Westerhold et al., 2005] , 982 [Hodell et al., 2001] , and 999 [Bickert et al., 2004] and DSDP Site 588 [Kennett, 1985] . The excursions have been attributed to glaciations and labeled Mi-3 to Mi-7 [Miller et al., 1991] .
Astronomical Tuning
[22] We follow the basic tuning procedure generated by Shackleton et al. [1999] and further developed by Pälike et al. [2006a Pälike et al. [ , 2006b . The tuning of NGR data to the Earth's orbital solution of Laskar et al. [2004] was done by aligning data and target at the obliquity frequency, constrained by the 100 ka amplitude modulation of precession by eccentricity. As commonly adopted for astronomical tuning exercises using Pliocene and Miocene material [Shackleton et al., 1999; Pälike et al., 2006a Pälike et al., , 2006b ], we introduce a zerophase lag of NGR variability relative to orbital forcing at the obliquity band to this study.
Tuning Material
[23] We select the NGR record as the basic tuning material but supplement this with the CSR record since it is inversely correlated to the NGR record ( Figure 6 ). There are a few gaps in the NGR and CSR records caused by coring gaps. Those gaps are located in the depth intervals of 231.29 -232.69, 250.59 -251.89, and 279.12 -280.66 mcd. According to the initial age model and the meter composite depth, each gap has duration of one to two obliquity cycles.
[24] We focus the astronomical tuning on the depth interval 198.57 -453.18 [Lourens et al., 2004; Raffi et al., 2003 ] and thus is a good age control point for tuning. We pay more attention to the natural cyclicity of the NGR and CSR records during the tuning process, without too much concern on the initial age model.
Tuning Target
[25] The Earth's orbital parameters from the astronomical solution La 2004 is taken as the tuning target , as has been used by others [Holbourn et al., 2005; Pälike et al., 2006a Pälike et al., , 2006b ]. This orbital solution computes the Earth's eccentricity, obliquity, and precession. It has been improved with respect to La 1993 [Laskar et al., 1993] by using a direct integration of the gravitational equations for the orbital motion and by improving the dissipative contributions, in particular, in the evolution of the EarthMoon system. The tuning in the Pliocene and Miocene is usually done by aligning the cycles of the tuning material data with that of the tuning target data (obliquity or precession). The tuning is further constrained by matching between the 100 or 405 ka components of the tuning material records and the eccentricity. Shackleton et al.
[1999] generated a Northern Hemisphere insolation curve as a tuning target. This target curve contains a dominant obliquity signal and a weaker but discernible precession signal. For evaluation, Shackleton et al. [1999] used the 1.2 Ma amplitude modulation of obliquity and 405 ka amplitude modulation of climatic precession to evaluate the fidelity of the generated age model. Meanwhile, the astronomical tuning focusing on the precession band which takes the benthic d
18 O and core logging data as the tuning material is also largely considered for the Miocene and Oligocene as well as the Eocene astronomical timescales [Pälike et al., 2006a [Pälike et al., , 2006b Westerhold et al., 2007] .
Alignment of NGR Data With Tuning Target
[26] First, we detect the basic cycles of the NGR record in the depth domain by spectral analysis. We performed Blackman-Tukey power spectral analyses on the NGR record over two depth intervals. From 198.57 to 309.28 mcd, variations in NGR display significant cycles with lengths of 555, 159, 51, 38, and 26 cm (Figure 5c ). These probably correspond to the eccentricity (405 and 100 ka), obliquity (41 ka), and precession (23 and 19 ka) cycles in the Earth's orbit, given the average sedimentation rate of 1.48 cm ka À1 for this depth interval. From 309.28 to 453.18 mcd, the power spectrum of the NGR record exhibits marked cycles of 555, 159, 51, 30, and 27 cm (Figure 5d ). With an average sedimentation rate of 1.56 cm ka À1 for this interval, these again probably correspond to Earth's orbital cycles. For both depth intervals, the eccentricity-related cycles are the most prominent in terms of spectral density. The obliquity band-related cycle (51 cm) is more stationary and displays higher spectral density than the precession band-related cycles (38, 30, 27, and 26 cm) in both depth intervals.
[27] Second, we detect temporal variability of the basic cycles of the NGR records. Wavelet analyses of the NGR record across both depth intervals display highly concentrated spectral densities at the 405 and 100 ka bands (Figures 5a and 5b) . The 41 ka cycle stands out above the background wavelet spectrum, showing higher spectral density than the precession band-related cycle but not as strong as the eccentricity-related cycles. The marked 405, 100, and 41 ka cycles identified from the Blackman-Tukey and wavelet spectrums in the depth domain reveal the astronomical imprint on the NGR record, which forms the base of our astronomical tuning.
[28] Third, we filter the NGR records at the frequency of 159 cm [29] Finally, we directly match the visually identified NGR and CSR cycles to the obliquity cycles and constrained the matching by cycle-to-cycle correlation between the eccentricity and the band-pass filtering of the NGR at the 100 ka band. For sediment deposited from 5.98 to 23.03 Ma, we count 422 obliquity cycles in the NGR and CSR records and encode them from 1 to 422 (Figure 6 ). The CSR record is used for counting cycles in cases where variations in this record are more significant than those in the NGR record.
[30] We make peak-to-peak correlation between the obliquity cycles and the NGR or CSR cycles. Shackleton et al. [1999] constructed an integrated Northern Hemisphere insolation curve, which is dominated by strong obliquity and weak precession, and tied peaks in this curve to minima in MS or NGR records. This avoids a positive relationship [Paillard et al., 1996] . between the benthic d 18 O maximum and the insolation maximum. Following this tuning scheme, we correlate the maxima in obliquity to minima in NGR or maxima in CSR.
Statistical Evaluation
[31] The sedimentation rate derived from the tuned age model is similar to that derived from the initial age model (Figure 7a) . From 6 to 23 Ma, sedimentation rates ranged from 12 to 20 m Ma
À1
. This confirms that there are no highfrequency, large-amplitude variations in sediment accumulation, which could cause misidentification of cycles. This is not the case for younger sediment at Site 1148. Since 3.6 Ma, the sedimentation rate has rapidly increased, reaching 80 m Ma À1 in the Pleistocene, similar to observations at Site 1143 [Tian et al., 2002] .
[32] Cross-spectral analyses are often used to evaluate the accuracy of astronomically tuned timescales [Shackleton et al., 1990 [Shackleton et al., , 1999 . Usually, high coherencies (>80%) between tuned material and tuning target indicate accurate timescales. We use the sum of normalized eccentricity (e), normalized obliquity (t), and negative normalized precession (p) (ETP) to reflect the characteristics of the Earth's orbital elements. Cross-spectral analyses reveal high coherencies exceeding 80% statistical level at 100, 41, 23, and 19 ka bands between NGR and ETP records (Figure 8d) . However, the coherency between the NGR record and the ETP record is small below 80% statistical level for the 405 ka band.
[33] Amplitude modulation can also be used to evaluate the accuracy of an astronomically tuned timescale [e.g., Shackleton et al., 1999] . Comparison of filtered NGR records at the basic orbital frequencies (41, 21, and 100 ka) with astronomical parameters (eccentricity, obliquity, and precession) generally reveals in-phase correlation and good matches of the amplitude modulation between them (Figure 7) . However, for some time intervals ($8.2 and $9.6 Ma), the amplitude variation of the filtered 41 ka components of NGR records is not consistent with that of the obliquity (Figure 7b ). This is also evident in the astronomically tuned timescale by Shackleton et al. [1999] .
Biostratigraphic and Magnetostratigraphic Calibrations
[34] Our astronomically tuned timescale for Site 1148 gives ages for chronological events in the SCS (Tables 2  and 3) . Biostratigraphic ages are generally comparable to those from ATNTS2004 [Lourens et al., 2004] and Shackleton et al. [1999] , with offsets of 0 to 500 ka. It is well established that ages of biostratigraphic events can vary significantly across regions of the ocean. For example, ages for some biostratigraphic events can vary by 100 to 2000 ka in different oceans on similar timescales [e.g., Shackleton et Raffi et al., 2003; Lourens et al., 2004] . Age discrepancies in different ocean basins can result from evolution and migration. In addition, rarity of specimens, due to dissolution, poor preservation, or different descriptions of species, can result in age offsets for biostratigraphic datums. The ages for the five identified paleomagnetic polarity reversals at Site 1148 are identical to those given by Cande and Kent [1995] (Table 2 ).
Calibration of Miocene Glaciation Events
[35] The Mi-3 through Mi-6 events [Miller et al., 1991] (Table 2) . The age of Mi-5 at Site 1148 is $180 ka younger than reported earlier [Turco et al., 2001] .
Spectral Characteristics of the Neogene Time Series
Spectral Analyses of Physical Properties
[36] The cycles of 41, 100, and 405 ka in the NGR record at Site 1148 correlate to primary cycles of Earth's obliquity and eccentricity. A weaker but significant 21 ka cycle, corresponding to the precession cycle, is also identified in the spectrum above the 90% confidence level.
[37] In the CSR spectrum, the 100 and 41 ka cycles are prominent above the 90% confidence level. The precession cycle is again weaker but still above the 90% confidence level. Of greatest significance is the 405 ka long eccentricity cycle. Its spectral amplitude is comparable to that of the 405 ka cycle in the NSR record (Figure 8b) .
[38] The MS spectrum displays similar characteristics to the NGR and CSR records. The obliquity and eccentricity cycles are strong, and the precession cycle is relatively weak; all exceed the 90% confidence level (Figure 8c) .
[39] Both the CSR and MS spectrums show a significant cycle of 30 ka (Figures 8b and 8c) . A similar cycle has been recognized in paleoproductivity records from the equatorial Indian and Pacific oceans [Beaufort et al., 2001] and from oxygen isotopic records the Antarctic Vostok ice core [Petit et al., 1999] . This 30 ka cycle, however, is not obvious from the NGR spectrum. We implement Blackman-Tukey cross-spectral analyses [Paillard et al., 1996] between the ETP from La 2004 (normalized eccentricity, tilt, and precession mix) and the isotopic records over the entire Neogene period for Site 1148 (Figure 9) . The 405 and 41 ka cycles are highlighted from the "red noise" spectrums of both the d ETP at all orbital bands including the 405 ka long eccentricity band [Pälike et al., 2006a [Pälike et al., , 2006b ].
Cross Spectrum of the Benthic Foraminiferal d
Low-Frequency Spectra of Insolation and Stable Isotope Records
[41] TMT analysis of mean monthly insolation (21 June to 20 July) at 65°N latitude reveals a series of significant lowfrequency cycles for the past 23 Ma (Figure 10) . Of greatest significance are cycles of 2400, 1600, 1200, 1000, 690, 486, and 405 ka. Although most of the insolation variability is concentrated at the obliquity and precession cycles, the F test values of the 405 ka and other low-frequency cycles are extremely high, with significance levels exceeding 90%.
[42] Benthic foraminifera stable isotope records, both 
Sedimentary Responses to Astronomical
Forcing for the Neogene
A Dominant 41 ka Climate Cycle
[43] The 41 ka cycle in climate records originates from changes in high northern latitude summer insolation, which has significant obliquity (41 ka) and precession (19 and 23 ka) components [Milankovitch, 1930] . It is often considered that precession plays the most important role in modulating seasonal insolation at all latitudes, especially in the tropics [Berger and Loutre, 1991] . However, recent studies of astronomical imprints on climate change have given more attention to annual insolation and the insolation gradient along latitudes, for which the variability only depends on obliquity [Loutre et al., 2004] .
[44] Our spectral analyses (Figures 8 and 9 ) demonstrate that signals in the sedimentary record at Site 1148, when examined over the entire Neogene, are much stronger at the obliquity band than at the precession band. For both the benthic foraminiferal isotopic records and physical property records, signals are strongest at 41 ka (Figures 8 and 9 ), indicating that obliquity dominates oceanographic change in this region during the entire Neogene. Cross-spectral analyses ( Figure 9 ) reveal high coherencies between ETP and benthic isotopic records of Site 1148 at the 41 ka cycle, implying a coherent relationship of climate change with orbital forcing at the obliquity band for the whole Neogene. The 100 ka cycle is also prominent in all sedimentary records at Site 1148, but it is much weaker than the 41 ka obliquity cycle.
[45] Studies that have examined sedimentary records over shorter time intervals support our findings for the entire Neogene at Site 1148. In the Cenozoic composite benthic foraminifera stable isotope records, constructed using intervals at multiple locations, the 41 ka cycle appears to dominate much of the Neogene [Zachos et al., 2001b] . This [Thomson, 1982; is clear in spectral analyses of benthic foraminiferal stable isotope records for middle Miocene (12.7 to 14.7 Ma) intervals at ODP Site 1146 in the northern SCS and at ODP Site 1237 in the southeastern equatorial Pacific, where the 41 ka cycle is much stronger than the 21 and 100 ka cycles [Holbourn et al., 2005] . Even in the Oligocene, various sedimentary records, such as benthic foraminifera d
18
O and d 13 C, coarse fraction abundance, and magnetic susceptibility and reflectance at ODP Site 926B, show that the strongest imprint comes from obliquity, not eccentricity or precession [Pälike et al., 2006a [Pälike et al., , 2006b . Sea surface temperature (SST) and marine productivity records, at both low and high latitudes, also indicate that the 41 ka cycle can dominate Pleistocene records [Ruddiman and McIntyre, 1984; Molfino and McIntyre, 1990; Lea et al., 2000; Liu and Herbert, 2004; Cleaveland and Herbert, 2007] . Notably, at the ''mid-Pleistocene transition'' circa 950 ka, there is a change in the dominant cycle of climate and sedimentary records from obliquity to eccentricity [Medina-Elizalde and Lea, 2005] . Nonetheless, the 41 ka climate cycle is still evident in various records and plays an important role in modulating climate change [Shackleton, 2000] .
A Strong 100 ka Climate Cycle and Coherent Relationship to the Eccentricity
[46] All sediment records at Site 1148 examined in this study exhibit 100 ka cycles in their spectrums across the entire Neogene (Figures 8 and 9 ). Spectral amplitudes of the 100 ka cycle are greater than those of the 41 ka cycle in physical property records (Figure 8 ), although slightly less in the benthic foraminiferal d
18 O and d 13 C records ( Figure 9 ). Cross-spectral analyses reveal that the stable isotope records are highly coherent with ETP at the 100 ka band (123 and 95 ka, Figure 9 ). This suggests that the masses and distributions of ice and carbon on Earth are externally related to changes in eccentricity throughout the entire Neogene.
[47] Although the late Pleistocene is characterized by the waxing and waning of global ice sheets on the 100 ka eccentricity cycle, this and other coeval climate changes have not been regarded as linear responses to insolation forcing on this band. The major reason is that perturbations in insolation related to variations in eccentricity amount to less than 1% [Imbrie et al., 1993] . Therefore, explaining the origin of the 100 ka climate cycle has become a focus of numerous studies [Liu, 1992; Rial, 1999; Berger et al., 2005] . Shackleton [2000] concluded that the 100 ka climate cycle does not arise from ice sheet dynamics but rather changes in the global carbon cycle and atmospheric carbon dioxide concentration. (Figures 8 -11) . The evolutive spectral analyses of the stable isotope records further reveal that this cycle characterizes the entire Neogene, with special strength during the early and middle Miocene (Figures 11b and 11c) . However, cross-spectral analyses (Figure 9) show that the isotopic records are not coherent with eccentricity at the 405 ka band for the much of the past 23 Ma. This contrasts with isotope records from the Oligocene and the early Miocene, where they are coherent [Zachos et al., 2001a; Billups et al., 2004; Pälike et al., 2006b] [Pälike et al., 2006a [Pälike et al., , 2006b ]. The 405 ka eccentricity cycle has even been used as the basic component for a new naming scheme of stable isotope events during the Oligocene [Pälike et al., 2006b] .
[50] Spectral analyses on both benthic and planktonic foraminiferal d
13
C records demonstrate that a 500 ka cycle, rather than a 405 ka cycle, is predominant for the past 5 Ma . In other words, the regular 405 ka cycle in the Miocene and early Pliocene records has been blurred in the late Pliocene through Pleistocene. Probably, the increased variability of the Northern Hemisphere glaciation since the late Pliocene alters the periodicity of benthic d 18 O and d 13 C, obscuring the coherent relationship that previously existed between benthic foraminiferal isotopic records and the eccentricity forcing. However, the stacked Mediterranean planktonic foraminiferal records of both d 18 O and d 13 C, the proxies of the African monsoon variability [Ruddiman, 2000] , display a pronounced regular 405 ka climate cycle for the past 5.3 Ma (P. X. Wang et al., Pleistocene obscuring of long eccentricity nyclicity in oceanic carbon isotope records, submitted to Quaternary Science Reviews, 2008).
[51] The summer insolation at 65°N latitude displays a pronounced 405 ka cycle for the past 23 Ma (Figure 10c ). The extremely high F test value at the 405 ka cycle in the spectrum of the insolation record indicates that the insolation variation is highly sensitive to the 405 ka amplitude modulation of the eccentricity. Accordingly, we suppose that the significant 405 ka climate cycle in the early [Mudelsee and Schulz, 1997] (available at http://www.palmod.uni-bremen.de/$mschulz/software/ timefrq43.zip).
Pliocene and the Miocene originates from a nonlinear response to solar radiation forcing. The interaction of the carbon cycle and solar forcing modulates the deep ocean acidity and the production and burial of global biomass, producing the 405 ka cycle which is amplified by the long residence time of carbon in the oceans [Pälike et al., 2006b ].
Significant Climate Cycles With Longer Periods (>405 ka)
[52] Recognition and discussion of insolation and sediment cycles with periods >405 ka have been limited. In the evolutive spectrum of the isotopic records, the 1200 ka cycle is fairly steady for the past 23 Ma, being comparable to that of the ETP record (Figures 11b -11d) . The 2400 ka cycle is not obvious in the evolutive spectrum of the isotopic records, but spectral analyses reveal a prominent 2400 ka cycle in both the benthic d
18 O and d
13
C records for the past 23 Ma. Theoretically, the amplitude modulation of the 123 and 96 ka eccentricity cycles shows an evident 2400 ka cycle, and the variations of the obliquity minima displays a prominent 1200 ka cycle. In the Oligocene, these two cycles are notable in both the astronomy and the benthic foraminiferal d
18
O records, indicating close amplitude modulation terms between the astronomical imprints and the glaciation events [Pälike et al., 2006b ]. In the late Miocene to the Pleistocene, a 12 Ma long continental grain size record from Lake Baikal [Kashiwaya et al., 2001 ] also displays significant orbit-related long-period cycles of 405, 600, and 1000 ka, which are also found in the benthic foraminiferal isotopic records of Site 1148 and the insolation record (Figures 10a -10c) .
[53] Spectral analyses (Figures 10a and 10b) show that the 1200 ka cycle in the benthic foraminiferal isotope records at Site 1148 is much stronger for d
O than for d 13 C, both in amplitude and F test values. By contrast, the 2400 ka cycle exhibits identical amplitudes and F test values for both records. The 1200 and 2400 ka cycles are related to obliquity and eccentricity, respectively. The difference might indicate that the obliquity likely modulates the Neogene glaciation through its basic 41 ka cycle and the amplitude modulated 1200 ka cycle, whereas the eccentricity likely modulates the Neogene carbon cycle in terms of the 100, 405, and 2400 ka cycles.
[54] We suppose that pronounced longer periods of the Neogene benthic d 
Summary
[55] We present benthic foraminiferal d
18 O and d 13 C records that span the last 23 Ma at ODP Site 1148 in the northern SCS. We established an astronomically tuned timescale for these records using the NGR and CSR records of this site. The isotopic records enable us to better view secular variations in global ice volume and cooling and in the global carbon reservoirs. The sedimentary records at ODP Site 1148 demonstrate that obliquity rather than eccentricity or precession takes a dominant role in controlling global climate change during the Neogene. Although changes in global ice volume and carbon reservoirs are coherent with the eccentricity forcing at the 405 ka band over the early Miocene (and the Oligocene), they are not coherent over the entire Neogene. The blurring of the 405 ka cycle in the benthic d
13
C record probably happened after the global glaciation in the middle Miocene, which affected global carbon cycling. Periods longer than 405 ka in the Earth's orbital parameters (specifically 600, 1000, 1200, and 2400 ka) are evident in our records, so they cannot be ignored in spite of their small affect on insolation. Somehow these subtle changes in insolation are transferred to the marine and continental sediment records through nonlinear processes, perhaps similar to those for the 100 and 405 ka cycles. To better comprehend these long-term astronomical imprints on global climate change, we need a series of continuous sediment records with high resolution (3 -5 ka) from different locations in various oceans.
